In recent years penicillins, such as carbenicillin (CB-PC) and sulbenicillin (SB-PC), or cephalosporins, such as cephalothin (CET), have been used in large doses in the treatment of severe bacterial infections like septicemia and endocarditis or intractable infections caused by gram-negative bacilli including Pseudomonas aeruginosa (3, 6, 8, 16, 25, 29) . The rationale for large-dose therapy with these antibiotics, however, does not seem to be well documented although it has been dealt with in a few reports (10, 28) . Eagle and Musselman (2) in 1948 observed decrements in the bactericidal effect of penicillin G on staphylococci and streptococci with increments in the concentration of the antibiotic allowed to act on the organisms. The paradoxical bactericidal effects were also seen with ampicillin (26) . Why such phenomena occur, however, has not been further investigated.
There have been studies on ultrathin sections of Staphylococcus exposed to penicillins (13) or cephalosporins (14, 15) . However, morphological changes after exposure to high concentrations of such antibiotics have not been reported as yet.
In an attempt to determine whether largedose antibiotic therapy would be suitable in various types of bacterial infections, studies were undertaken by us in which the in vitro effects of various f3-lactam group antibiotics on the growth and viability of S. aureus, Escherichia coli, and P. aeruginosa were analyzed. With the staphylococcal organisms, this has been extended to morphological studies by phase-contrast and electron microscopy. Phase-contrast microscope observation. Agar films containing drugs were prepared on glass slides, and suspensions of bacteria in logarithmic growth were streaked on cover glasses. The streaked cover glasses were then placed on the agar films and embedded in paraffin. These were observed under a phase-contrast microscope (Nikon, Tokyo) fitted with a 37 C incubator.
MATERIALS AND METHODS
Electron microscope observation. S aureus 209-P JC cells were incubated in heart infusion broth and, after about 4 h of incubation when the bacteria were in logarithmic growth, the antibiotics were added. At 1, 2, and 4 h after antibiotic addition, samples were removed for viable count and electron microscopy. After prefixation with an aqueous solution of 2.5% glutaraldehyde in 0.05 M phosphate buffer (pH 7.2) for 30 min at 5 C, the samples were washed twice with the same buffer and fixed with 1% OSO4 in veronal-acetate buffer (pH 6.1) for 16 h at room temperature by the method of Kellenberger et al. (9) .
Then, after treatment with 0.5% uranyl acetate, they were dehydrated in an alcohol series. For examination under a scanning electron microscope (JSM-35, Japan Electron Optics Laboratory, Tokyo), the alcohol series was replaced with isoamyl acetate for further dehydration, and samples were dried by the critical-point drying method (1, 7) and further evaporated with carbon and gold. The surface structures of bacterial cells were then observed under the electron microscope. For observation under a transmission electron microscope (Akashi S-500, Tokyo), the specimens after dehydration were embedded in epoxy resin by the method of Luft (11) , ultrathin sectioned with an LKB ultramicrotome 4801 A (Stockholm, Sweden), and double stained with uranyl acetate and lead citrate (18) .
Effects on spheroplast formation. Bacteria in logarithmic growth at 37 C were exposed to antibiotics in heart infusion broth containing 60% sucrose as an osmotic stabilizer (21). The exposed bacteria were then diluted in media containing the stabilizer (stabilized) or without it (shocked), and viable bacterial counts were determined on heart infusion broth agar media containing 60% sucrose.
RESULTS
Effects on growth and viability. (i) Effects on E. coli and P. aeruginosa. The effect of CET on the viability of E. coli is shown in Fig. 1 . Measurement of the viability of the logarithmic-phase bacteria exposed to various concentrations of CET revealed that at 2.5 ,g/ml the drug demonstrated a bacteriostatic effect for 4 h, whereas at 5 ,g/ml it exhibited a bacteriostatic activity for 2 h, followed thereafter by a bactericidal activity. A marked bactericidal activity was noted at the concentration of 50 ug/ ml. A higher concentration of 500 ,ug/ml yielded a still more marked bactericidal activity, with the viable bacterial count becoming less than 103 cells/ml at about 1.5 h after exposure. No further increase in the rate of killing occurred when the drug concentration was increased to 1,000 ,ug/ml. The effect of CB-PC and SB-PC on the E. coli growth curve was similar to that of CET. The effect of SB-PC and CB-PC on the growth curve of logarithmic-phase P. aeruginosa organisms was also studied. At 50, 100, and 500 ,g/ml, the drug exhibited a bacteriostatic activity that was not much different among the three concentrations. At 5,000 and 10,000 ,g/ml, they demonstrated a bactericidal activity that showed little difference in intensity between the two concentrations.
(ii) Effects on S. aureus. CET at a concentration of 0.05 jig/ml exhibited a bactericidal effect that was markedly intensified at higher concentrations of 0.1 and 0.5 ug/ml. At 1 and 5 ,ug/ml, however, there was no further increment in the rate of killing (Fig. 2) . Furthermore, as shown in Fig. 3 , the bactericidal activity of CET gradually decreased with further increments in drug concentration in the range of 100 to 800 ,ug/ml, as compared with 0.5 ,ugI ml. Figure 4 shows the changes in turbidity observed concomitantly. It appears that the bacteriolytic effect of CET, like its bactericidal activity, decreased as its concentration increased. Similar results were also obtained with CEX, CEZ, CER, CB-PC, and AD-PC tested against S. aureus. A summary of these results is given in Table 1 . Concentrations of CET at which the bactericidal and bacteriolytic effect on S. aureus 209-P was reversed were two to five times higher than the mini- mum inhibitory concentration (MIC) for the organism. The levels of CEX at which reversal occurred were slightly higher, being between 7 and 13 times the MIC. For AD-PC, the concentrations causing reversal were very high, ranging from 64 to 128 times the MIC. These findings may support the view that AD-PC (12, 24) has an action different from that of other penicillins as well as the cephalosporins. Similar reversal phenomena were also observed in tests with S. aureus Neumann, S. aureus Terajima, and S. aureus no. 18 strains.
Phase-contrast microscope observation. Morphological observations were performed by phase-contrast microscopy of S. aureus 209-P cells exposed to high concentrations of two (3-lactam group antibiotics, CET and CEX. Figure 5a shows the growth of the untreated control ofS. aureus 209-P cells at 4 h of incubation; Fig. 5b shows cells after 4 h of exposure to CET (0.5 jig/ml), indicative of cellular swelling and lysis (arrows); and Fig. 5c shows cells exposed to CET at the high concentration of 800 ,g/ml for 4 h, which exhibited cellular swelling as well as inhibition of cellular division and growth but no lysis as seen at 0.5 ,g/ml, thus indicating that the bacteriolytic effect was higher at the lower concentration. The 100 cells of S. aureus 209-P selected at random were observed under a phase-contrast microscope for of the cells at 0.5 gg/ml, 14% at 100 ,ug/ml, 11% at 200 ,ug/ml, 9% at 400 ,ug/ml, and 11% at 800 ,ug/ml, thus demonstrating a decrease in the amount of lysis with an increase in drug concentration. Quite similar results were also obtained with CEX.
Electron microscope observation. Observa- tions on cell surface structure under the scanning electron microscope are shown in Fig. 7 to 9. Figure 7 shows untreated S. aureus 209-P cells with smooth surfaces, arranged in regular clusters. Shown in Fig. 8 are cells after 4 h of exposure to CEX (20 ,ug/ml), many of which are seen lysed. Similarly, in the presence of CET (0.5 ,ug/ml), many lysed cells were observed. Figure 9 shows cells exposed to CEX (800 ,ugl ml) for 4 h. These cells exhibited little of the lysis seen previously at 0.5 ,ug/ml. Similarly, little lysis was observed in the presence of CET (800 ,ug/ml). Shown in Fig. 10 to 13 are observations of ultrathin sections of S. aureus 209-P cells under the transmission electron microscope. Fig. 10 represents ultrathin sections of untreated S. aureus cells in which the cell wall, mesosome, and nucleus are seen. Figure 11 shows cells after 4 h of exposure to CEX (20 ,g/ ml) observed at low magnification; many of the cells are seen forming spheroplasts, deprived of the cell wall, or being lysed. to CEX (800 ug/ml) for 4 h; almost all of the cells retain the cell wall as the outermost layer, with spheroplast formation or lysis observed only rarely. Similar results were also obtained with CET (0.5 and 800 ,ug/ml).
Effect on cell wall damage. The effect on cell wall damage determined after 6 h of drug exposure is shown in Fig. 14 . In the control, there was no difference noted in viable counts between stabilized and shocked cultures. Organisms deficient in cell wall (spheroplasts) were most frequent with CET (0.5 ,ug/ml) and decreased gradually as the drug concentration was increased from 100 to 800 ,ug/ml. These results with regard to wall-deficient organisms appeared to be in good accord with morphological findings obtained by electron microscopy. DISCUSSION A conceivable mechanism of the bactericidal action of f-lactam group antibiotics is as follows: interference with transpeptidase reaction results in the formation of incomplete cell wall; the mucopeptides are thus liable to destruction by an autolytic enzyme (4, 22, 23) that is necessary for cellular division; then, the protoplast or spheroplast formed in the process is ruptured and destroyed by internal pressure. An observation suggesting such a mechanism was made by Rogers and Forsberg (20) in 1971 where it was shown that treatment of a mutant bacterial strain with a penicillin having weak autolytic enzyme activity resulted in an increase in survival, as compared with a similarly treated parental strain. There is also the finding that treatment with penicillins or cephalosporins in combination with macrolides or chloramphenicol inhibited autolytic enzyme production, thereby preventing the treated bacteria from being destroyed (17, 19, 27) .
In the present study, measurements of the effect of some 8-lactam group antibiotics on growth and viability of the gram-negative bacilli E. coli and P. aeruginosa revealed that the bactericidal activity of the drugs increased markedly as their concentration became higher. When the drug concentrations exceeded certain levels, however, the activity reached a limit. In S. aureus, too, the bactericidal activity of the 8-lactam group antibiotics increased with concentration up to certain levels, but, unlike the case of the gram-negative bacilli, the lytic activity was reversed, showing a gradual decrease, when the concentrations were beyond these levels. Eagle and Musselman (2) 
